The authors tested the hypothesis that obese individuals experience greater reward from food consumption (consummatory food reward) and anticipated consumption (anticipatory food reward) than lean individuals using functional magnetic resonance imaging (fMRI) with 33 adolescent girls (mean age ϭ 15.7, SD ϭ 0.9). Obese relative to lean adolescent girls showed greater activation bilaterally in the gustatory cortex (anterior and mid insula, frontal operculum) and in somatosensory regions (parietal operculum and Rolandic operculum) in response to anticipated intake of chocolate milkshake (vs. a tasteless solution) and to actual consumption of milkshake (vs. a tasteless solution); these brain regions encode the sensory and hedonic aspects of food. However, obese relative to lean adolescent girls also showed decreased activation in the caudate nucleus in response to consumption of milkshake versus a tasteless solution, potentially because they have reduced dopamine receptor availability. Results suggest that individuals who show greater activation in the gustatory cortex and somatosensory regions in response to anticipation and consumption of food, but who show weaker activation in the striatum during food intake, may be at risk for overeating and consequent weight gain.
Obesity is a chronic disease that is credited with over 111,000 deaths annually in the United States, which largely result from atherosclerotic cerebrovascular disease, coronary heart disease, colorectal cancer, hyperlipidemia, hypertension, gallbladder disease, and diabetes mellitus (Flegal, Graubard, Williamson, & Gail, 2005) . Regrettably, the treatment of choice for obesity only results in transitory weight loss (Jeffery et al., 2000) , and most obesity prevention programs do not reduce risk for future weight gain (Stice, Shaw, & Marti, 2006) . These interventions may have limited efficacy because researchers' understanding of the etiologic processes is still incomplete. Although it has been established that obesity is the result of a positive energy balance, it is unclear why some individuals have such a difficult time balancing caloric intake with expenditure.
One possible explanation is that some individuals have abnormalities in subjective reward from food intake or anticipated intake that increase risk for obesity. Some scholars hypothesize that obese individuals experience greater activation of the mesolimbic reward system in response to food intake (consummatory food reward), which may increase risk for overeating (Davis, Strachan, & Berkson, 2004; Dawe & Loxton, 2004) . This is akin to the reinforcement sensitivity model of substance abuse, which posits that certain people show greater reactivity of reward circuitry to psychoactive drugs (Dawe & Loxton, 2004) . In contrast, others hypothesize that obese individuals experience less activation of the mesolimbic reward system in response to food intake, which leads them to overeat to compensate for this deficiency (Comings & Blum, 2000; . This is similar to the reward deficiency syndrome thesis, which suggests that people turn to alcohol and drug use to stimulate sluggish reward circuitry (Comings & Blum, 2000) . A third hypothesis is that greater anticipated reward from food intake (anticipatory food reward) increases risk for overeating (Pelchat, Johnson, Chan, Valdez, & Ragland, 2004; Roefs, Herman, MacLeod, Smulders, & Jansen, 2005) .
Two lines of evidence imply it may be useful to conceptually distinguish between consummatory food reward and anticipatory food reward. First, animal studies show that dopamine neurons shift firing from the consumption of food to the anticipated consumption of food after conditioning, wherein cues associated with food consumption begin to elicit anticipatory food reward. Naïve monkeys that had not experienced rewards in a setting showed activation of mesotelencephalic dopamine neurons only in response to food taste; however, after conditioning, dopaminergic activity began to precede reward delivery, and eventually maximal activity was elicited by the conditioned stimuli that predicted the impending reward rather than by actual food receipt (Schultz,and Gratton (1994) found that the greatest dopaminergic activation occurred in an anticipatory fashion as rats approached and pressed the bar that produced food reward and activation actually decreased as the rat received and ate the food. Indeed, Blackburn, Phillips, Jakubovic, and Fibiger (1989) found that dopamine activity was greater in the nucleus accumbens of rats after presentation of a conditioned stimulus that usually signaled food receipt than after delivery of an unexpected meal. Second, how hard participants work to earn snack food in an operant task (which they are later permitted to consume) is a stronger predictor of ad lib caloric intake than are pleasantness ratings of tastes of the snack foods (Epstein et al., 2007; Epstein et al., 2004a) . These data also seem to imply that anticipated reward from food intake is a stronger determinant of caloric intake than the reward experienced when the food is actually consumed. Collectively, these data imply that it may be useful to distinguish between consummatory food reward and anticipatory food reward when examining potential risk factors for obesity.
Brain imaging studies have identified regions that appear to encode consummatory food reward in normal weight individuals. Consumption of palatable foods, relative to consumption of unpalatable foods or tasteless foods, results in greater activation of the orbitofrontal cortex (OFC) and frontal operculum/insula as well as greater release of dopamine in the dorsal striatum (O'Doherty, Deichmann, Critchley, & Dolan, 2002; Small, JonesGotman, & Dagher, 2003; Volkow et al., 2003) . Other brain imaging studies have identified regions that appear to encode anticipatory food reward in normal weight humans. Anticipated receipt of a palatable food, versus anticipated receipt of unpalatable food or a tasteless food, results in greater activation in the OFC, amygdala, cingulate gyrus, striatum (caudate nucleus and putamen), ventral tegmental area, midbrain, parahippocampal gyrus, and fusiform gyrus (O'Doherty et al., 2002; Pelchat et al., 2004) . These studies suggest that somewhat distinct brain regions are implicated in anticipatory and consummatory food reward but that there is some overlap (OFC and striatum). To date, only two studies have directly compared activation in response to anticipatory and consummatory food reward to isolate regions that show greater activation in response to one phase of food reward versus the other. Anticipation of a pleasant taste, versus actual taste, resulted in greater activation in the dopaminergic midbrain, nucleus accumbens and the posterior right amygdala (O'Doherty et al., 2002) . Another study found that anticipation of a pleasant drink resulted in greater activation in the amygdala and mediodorsal thalamus, whereas the receipt of the drink resulted in greater activation in the left insula/operculum (Small, Veldhuizen, Felsted, Mak, & McGlone, 2008) . These two studies suggest that the amygdala, midbrain, nucleus accumbens, and mediodorsal thalamus are more responsive to anticipated consumption versus consumption of food, whereas the frontal operculum/insula is more responsive to consumption versus anticipated consumption of food. Thus, available evidence suggests that distinct brain regions may encode anticipatory and consummatory food reward, although more research will be necessary before firm conclusions are possible.
Certain findings appear to be consistent with the thesis that obese individuals experience greater food reward, though it is not clear whether findings are reflective of disturbances in consummatory versus anticipatory food reward. Obese relative to lean individuals recall that high-fat and high-sugar foods are more pleasant tasting and report that eating is more reinforcing (Rissanen et al., 2002; Saelens & Epstein, 1996; Westenhoefer & Pudel, 1993) . Children at risk for obesity by virtue of parental obesity rate tastes of high-fat food as more pleasant and show a more avid feeding style than children of lean parents (Stunkard, Berkowitz, Stallings, & Schoeller, 1999; Wardle, Guthrie, Sanderson, Birch, & Plomin, 2001) . Obese children are more likely to eat in the absence of hunger (Fisher & Birch, 2002) and work harder for food than lean children (Temple, Legerski, Giacomelli, & Epstein, in press ). Self-reported food cravings correlated positively with body mass and objectively measured caloric intake (Delahanty, Meigs, Hayden, Williamson, & Nathan, 2002; Forman et al., 2007; Franken & Muris, 2005; Nederkoorn, Smulders, & Jansen, 2000) . Obese adults report stronger craving of high-fat, highsugar foods (Drewnowski, Kurth, Holden-Wiltse, & Saari, 1992; White, Whisenhunt, Williamson, Greenway, & Netemeyer, 2002) and work for more food than lean adults (Epstein et al., 2007; Saelens & Epstein, 1996) . Morbidly obese relative to lean individuals showed greater resting metabolic activity in the oral somatosensory cortex, a region associated with sensation in the mouth, lips, and tongue (Wang, Volkow, Felder et al., 2002) , which may render the former more sensitive to the rewarding properties of food intake and increase risk for overeating.
To date, few brain imaging studies have compared the brain activation in response to presentation of pictured food or actual food among obese versus lean individuals. One study found increased activation in the right parietal and temporal cortices after exposure to pictured food in obese but not lean women and that this activation correlated positively with hunger ratings (Karhunen, Lappalainen, Vanninen, Kuikka, & Uusitupa, 1997) . Rothemund and associates (2007) found greater dorsal striatum response to pictures of high-calorie foods in obese versus lean adults and that body mass correlated positively with response in insula, claustrum, cingulate, somatosensory cortex, and lateral OFC. Stoeckel and associates (2008) found greater activation in the medial and lateral OFC, amygdala, ventral striatum, medial prefrontal cortex, insula, anterior cingulate cortex, ventral pallidum, caudate, and hippocampus response to pictures of high-calorie foods (vs. low-calorie foods) for obese relative to lean individuals. However, activation of the OFC and cingulate in response to viewing pictures of palatable foods correlated negatively with body mass index (BMI) among normal weight women (Killgore & Yurgelun-Todd, 2005) . Del Parigi et al. (2004) found that the dorsal insula and posterior hippocampus remain abnormally responsive to consumption of food in previously obese compared with lean individuals, leading to the conclusion that these abnormal responses may increase risk for obesity.
Other findings are more consistent with the notion that obese individuals may experience less food reward. Wang et al. (2001) found reduced D2 receptor density in the striatum of obese relative to lean individuals, suggesting that they may experience decreased dopamine receptor binding in the mesolimbic system. Obese rats have lower basal dopamine levels and reduced D2 receptor expression than lean rats (Fetissov, Meguid, Sato, & Zhang, 2002; Hamdi, Porter, & Prasad, 1992; Orosco, Rouch, & Nicolaidis, 1996) , yet obese rats show more phasic release of dopamine during feeding than lean rats (Yang & Meguid, 1995) . Furthermore, lean and obese adults with the TaqI A1 allele, which is associated with reduced D2 receptors and weaker dopamine signaling, work more to earn food in operant paradigms (Epstein et al., 2007 (Epstein et al., , 2004b . These results echo evidence that addictive behaviors such as alcohol, nicotine, marijuana, cocaine, and heroin abuse are associated with reduced D2 receptor density and blunted sensitivity of mesolimbic circuitry to reward (Comings & Blum, 2000; Martinez et al., 2005) . posit that deficits in D2 receptors may predispose individuals to use psychoactive drugs or overeat to boost a sluggish dopamine reward system. However, it is possible that overeating high-fat and high-sugar food leads to down-regulation of D2 receptors (Davis et al., 2004) , paralleling neural response to chronic use of psychoactive drugs . Indeed, animal studies suggest that repeated intake of sweet and fatty foods results in downregulation of D2 receptors and decreased D2 sensitivity (Bello, Lucas, & Hajnal, 2002; Kelley, Will, Steininger, Zhang, & Haber, 2003) , changes that occur in response to substance abuse.
In summary, there is emerging evidence that obese individuals may show general abnormalities in food reward relative to lean individuals. Specifically, obese relative to lean individuals report greater craving for high-fat, high-sugar foods, find eating more reinforcing, show greater resting activation of the somatosensory cortex, and show greater reactivity of the gustatory cortex to food intake and presentation of food or pictured food. Yet, there is also evidence that obese individuals show a hypofunctioning striatum, which may prompt them to overeat to boost a sluggish reward network or may be a result of receptor down-regulation. One factor that might have contributed to the mixed findings is that self-report measures were used in many studies, which could be misleading because those who struggle with overeating may assume that food is more rewarding to them, which influences how they complete the scales. Furthermore, self-report scales likely tap anticipated reward from food intake, or the memory of reward from food intake, rather than reward experienced during food consumption, as perceived reward during food intake was not measured in the studies. In addition, findings from self-report and behavioral measures are vulnerable to social desirability biases. Moreover, few studies have actually involved food intake or exposure to real food, which may limit the ecological validity of the findings. Perhaps most importantly, previous studies have not used paradigms that were specifically designed to assess individual differences in consummatory and anticipatory food reward when comparing obese with lean individuals. Thus, we think it may be useful to use objective brain imaging paradigms that directly measure activation of reward circuitry in response to food intake and anticipated food intake. To our knowledge, brain imaging has not been used in studies to test whether obese individuals show differential activation of food reward circuitry during food consumption or anticipated consumption relative to lean individuals.
We sought to more fully characterize the nature of individual differences in neural response to food in the present study using objective brain imaging methodology, with the hope that an improved understanding of neurological substrates that increase risk for obesity will advance etiologic models and the design of more effective preventive and treatment interventions. We extended previous findings by examining activation in response to receipt of chocolate milkshake versus tasteless solution (consummatory food reward) and in response to cues signaling impending delivery of chocolate milkshake versus tasteless solution (anticipatory food reward) among obese and lean individuals. We hypothesized that obese relative to lean individuals would show greater activation in the gustatory cortex and the somatosensory cortex and less activation in the striatum, in response to the anticipation and consumption of milkshake. We also hypothesized that the body mass of participants would show linear relations to activation in these brain regions. We studied adolescents because we wanted to reduce the risk that a long history of obesity might result in receptor downregulation secondary to a chronically rich diet. We studied girls because the primary goal of this study was to test whether food reward abnormalities correlate with bulimic pathology, which is rare in males.
Method

Participants
Participants were 44 healthy adolescent girls (mean age ϭ 15.7; SD ϭ 0.93); 2% Asian/Pacific Islanders, 2% African Americans, 86% European Americans, 5% Native Americans, and 5% mixed racial heritage. Participants from a larger study of female high school students who appeared to meet the inclusion criteria for the present imaging study were asked whether they were interested in participating in a study on the neural response to presentation of food. Those who reported binge eating or compensatory behaviors in the past 3 months, any use of psychotropic medications or illicit drugs, head injury with a loss of consciousness, or current Axis I psychiatric disorder were excluded. Data from 11 participants were not analyzed because they showed excessive head movement during the scans; 4 showed such pronounced head movement that the scans were terminated, and head movement for another 7 exceeded 1 mm (M ϭ 2.8 mm, range ϭ 2-8 mm). Because experience indicates that including participants who show head movement greater than 1 mm introduces excessive error variance, we always exclude such participants from our studies (e.g., Small, Gerber, Mak, & Hummel, 2005; Small et al., 2003) . This resulted in a final sample of 33 participants (BMI range ϭ 17.3-38.9). The local Institutional Review Board approved this project. All participants and parents provided written consent.
Measures
Body mass. The BMI (kg/m 2 ) was used to reflect adiposity (Dietz & Robinson, 1998) . After removal of shoes and coats, height was measured to the nearest millimeter using a stadiometer, and weight was assessed to the nearest 0.1 kg using a digital scale. Two measures of height and weight were obtained and averaged. The BMI correlates with direct measures of total body fat such as dual energy x-ray absorptiometry (r ϭ .80 -.90) and with health measures including blood pressure, adverse lipoprotein profiles, atherosclerotic lesions, serum insulin levels, and diabetes mellitus in adolescent samples (Dietz & Robinson, 1998) . Per convention (Barlow & Dietz, 1998) , obesity was defined using the 95th percentiles of BMI for age and gender, based on historical nation-ally representative data because this definition corresponds closely to the BMI cutpoint that is associated with increased risk for weight-related health problems (Cole, Bellizzi, Flegal, & Dietz, 2000) . Adolescents with BMI scores below the 50th percentile using these historical norms were defined as lean. Among the 33 participants who provided usable functional magnetic resonance imaging (fMRI) data, 7 were classified as obese, 11 were classified as lean, and the remaining 15 participants fell in between these two extremes.
FMRI paradigm. Participants were asked to consume their regular meals but to refrain from eating or drinking (including caffeinated beverages) for 4 -6 hr immediately preceding their imaging session for standardization purposes. This deprivation period was selected to capture the hunger state that most individuals experience as they approach their next meal, which is a time when individual differences in food reward would logically impact caloric intake. Most participants completed the paradigm between 16:00 and 18:00, but a subset completed scans between 11:00 and 13:00. Before the imaging session, participants were familiarized with the fMRI paradigm through practice on a separate computer.
The milkshake paradigm was designed to examine consummatory and anticipatory food reward. Stimuli were presented in four separate scanning runs. The stimuli consisted of three black shapes (diamond, square, circle) that signaled the delivery of either 0.5 ml of a chocolate milkshake (four scoops of Häagen Daz vanilla ice cream, 1.5 cups of 2% milk, and 2 tablespoons of Hershey's chocolate syrup), a tasteless solution, or no solution. Although the pairing of cues with stimuli and duration of stimulus presentation was randomly determined across participants, order of presentation was not randomized across participants. The tasteless solution, which was designed to mimic the natural taste of saliva, consisted of 25 mM KCl and 2.5 mM NaHCO 3 (O'Doherty, Rolls, Francis, Bowtell, & McGlone, 2001) . Artificial saliva was used because water has a taste that activates the taste cortex (Zald & Pardo, 2000) . On 50% of the chocolate and tasteless solution trials, the taste was not delivered as expected to allow the investigation of the neural response to anticipation of a taste that was not confounded with actual receipt of the taste (unpaired trials) (see Figure 1 ). There were six events of interest in the paradigm: (a) chocolate milkshake cue followed by milkshake taste (paired milkshake cue), (b) receipt of milkshake taste (milkshake delivery), (c) chocolate milkshake cue followed by no milkshake taste (unpaired milkshake cue), (d) tasteless solution cue followed by tasteless solution (paired tasteless cue), (e) receipt of tasteless solution (tasteless delivery), and (f) tasteless solution cue followed by no tasteless solution (unpaired tasteless cue). The images were presented for 5-12 s (M ϭ 7) using MATLAB run from Windows. Taste delivery occurred 4 -11 s (M ϭ 7) after onset of the cue. As a result, each event lasted between 4 and 12 s. Each run consisted of 16 events. Tastes were delivered using two programmable syringe pumps (Braintree Scientific BS-8000, Braintree, MA) controlled by MATLAB to ensure consistent volume, rate, and timing of taste delivery. Sixty-milliliter syringes filled with the chocolate milkshake and the tasteless solution were connected via Tygon tubing through a wave guide to a manifold attached to the birdcage head coil in the MRI scanner. The manifold fit into the participants' mouths and delivered the taste to a consistent segment of the tongue. This procedure has been successfully used in the past to deliver liquids in the scanner and has been described in detail elsewhere (e.g., Veldhuizen, Bender, Constable, & Small, 2007) . The taste cue remained on the screen for 8.5 s after the taste was delivered, and participants were instructed to swallow when the shape disappeared. The next cue appeared 1-5 s after the prior cue went off. Images were presented with a digital projector/reverse screen display system to a screen at the back end of the MRI scanner bore and were visible via a mirror mounted on the head coil.
Five lines of evidence from an ongoing fMRI study in which this paradigm was used with adolescent girls (N ϭ 46) suggest that it is a valid measure of individual differences in anticipatory and consummatory food reward. First, participants rated the milkshake as significantly, t(45) ϭ 9.79, r ϭ .68, p Ͻ .0001, more pleasant than the tasteless solution per a visual analogue scale, confirming that the milkshake was more rewarding to participants than the tasteless solution. Second, pleasantness ratings of the milkshake correlated with activation in the anterior insula (r ϭ .70) in response to milkshake cues and with activation in the parahippocampal gyrus in response to milkshake receipt (r ϭ .72). Third, activation in regions representing anticipatory and consummatory food reward (LaBar et al., 2001; O'Doherty et al., 2002; Small et al., 2001 ) in response to anticipation and receipt of milkshake in this fMRI paradigm correlated (r ϭ .84 -.91) with self-reported liking and cravings for a variety of foods, as assessed with an adapted version of the Food Craving Inventory (White et al., 
2002).
1 Fourth, activation in response to anticipatory and consummatory food reward in this fMRI paradigm correlates (r ϭ .82-.95) with how hard participants work for food and how much food they work for in an operant behavioral task in which individual differences in food reinforcement are assessed (Saelens & Epstein, 1996) . Fifth, participants who show relatively greater activation in response to anticipatory and consummatory food reward in this fMRI paradigm showed significantly ( p Ͻ .05) more weight gain over a 1-year follow-up than participants who show less activation in this paradigm (r ϭ .54 -.65). Collectively, these findings provide evidence for the validity of this fMRI food reward paradigm.
Imaging and statistical analysis. Scanning was performed with a Siemens Allegra 3 Tesla head-only MRI scanner (Erlangen, Germany). A standard birdcage coil was used to acquire data from the entire brain. A thermo foam vacuum pillow and additional padding were used to restrict head motion. In total, 152 scans were collected during each of four functional runs. ). To cover the whole brain, thirty-two 4-mm slices (interleaved acquisition, no skip) were acquired along the AC-PC transverse, oblique plane as determined by the midsagittal section. Structural scans were collected using an inversion recovery T1-weighted sequence (MP-RAGE) in the same orientation as the functional sequences to provide detailed anatomic images aligned to the functional scans. High-resolution structural MRI sequences (FOV ϭ 256 ϫ 256 mm 2 , 256 ϫ 256 matrix, thickness ϭ 1.0 mm, slice number Ϸ 160) were acquired.
Data were preprocessed and analyzed using statistical parametric mapping (SPM)5 software (Wellcome Department of Imaging Neuroscience, London, England) in MATLAB (Mathworks, Inc., Sherborn, MA) (Worsley & Friston, 1995) . The images were time acquisition corrected to the slice obtained at 50% of the TR. All functional images were then realigned to the mean. The images (anatomical and functional) were normalized to the standard Montreal Neurological Institute template brain implemented in SPM5 (ICBM152, based on an average of 152 normal MRI scans). Normalization resulted in a voxel size of 3 mm 3 for functional images and a voxel size of 1 mm 3 for structural images. Functional images were smoothed with a 6-mm full-width half-maximum (FWHM) isotropic Gaussian kernel.
To identify brain regions activated in response to consummatory reward, blood oxygen level-dependent (BOLD) response was constrated during receipt of milkshake versus during receipt of tasteless solution. The arrival of a taste in the mouth was considered to be consummatory reward, rather than when the taste was swallowed; however, postingestive effects were also acknowledged as contributing to the reward value of food (O'Doherty et al., 2002) . To identify brain regions activated in response to anticipatory reward in the milkshake paradigm, BOLD response during presentation of the cue signaling impending delivery of the milkshake was contrasted with response during presentation of the cue signaling impending delivery of the tasteless solution. Data from unpaired cue presentation in which the tastes were not actually delivered were analyzed to ensure that receipt of the actual tastes would not influence the operational definition of anticipatory brain activation. Condition-specific effects at each voxel were estimated using general linear models. Vectors of the onsets for each event of interest were compiled and entered into the design matrix so that event-related responses could be modeled by the canonical hemodynamic response function (HRF), as implemented in SPM5, consisting of a mixture of two gamma functions that emulate the early peak at 5 s and the subsequent undershoot. To account for the variance induced by swallowing the solutions, the time of disappearance of the cue (participants were trained to swallow at this time) was included as a variable of no interest. Temporal derivatives of the HRF were also included to obtain a better model of the data (Henson, Price, Rugg, Turner, & Friston, 2002) . A 128-s high-pass filter (per SPM5 convention) was used to remove lowfrequency noise and slow drifts in the signal.
Individual contrast maps were constructed to compare the activations within each participant for the aforementioned contrasts in SPM5. Between-group comparisons were then performed using random effects models to account for interparticipant variability. For analysis of consummatory food reward, parameter estimate images from milkshake-tasteless contrast were entered into a second-level 2 ϫ 2 analysis of variance (ANOVA) (obese vs. lean) by (milkshake receipt-tasteless receipt). For analysis of anticipatory food reward, the parameter estimate images from unpaired milkshake-unpaired tasteless contrast (i.e., milkshake cue not followed by milkshake receipt-tasteless cue not followed by tasteless receipt) were entered into the second-level 2 ϫ 2 ANOVA (obese vs. lean) by (unpaired milkshake-unpaired tasteless). Thus, ANOVA models were used to specifically test whether obese participants showed significantly greater food reward abnormalities than lean participants.
Individual SPM contrast maps were also entered into regression models, with BMI scores entered as a covariate. This model tested whether participants with higher BMI scores showed greater activation believed to reflect consummatory and anticipatory food reward relative to participants with lower BMI scores. These regression models were estimated to provide a more sensitive test of these relations using data from all participants in the sample (the ANOVA models only included the obese and lean participants).
The significance of BOLD activation is determined by considering both the maximum intensity of a response as well as the extent of the response. SPM relies primarily on the maximum intensity to determine significance, with users generally setting a strict intensity criterion with t maps thresholded at p Ͻ .001 (uncorrected) per voxel and a more liberal extent criterion (cluster criterion of three voxels). Following convention, this criterion was used to determine significance for the activations for both the regression models and the ANOVA models. Activation clusters were considered significant at p Ͻ .05 (with respect to clusters), corrected for multiple comparisons across the entire brain. On the basis of previous studies, directed searches were performed in 1 The Food Craving Inventory (FCI; White et al., 2002) assesses the degree of craving for a variety of foods. We adapted this scale by also requesting ratings of how palatable participants find each food. The original FCI has shown internal consistency (␣ ϭ .93), 2-week test-retest reliability (r ϭ .86), and sensitivity to detecting intervention effects (Martin, O'Neil, & Pawlow, 2006; White et al., 2002) . In a pilot study (n ϭ 27), the craving score and the palatability score showed internal consistency (␣ ϭ .91 and .89, respectively).
areas activated by consummatory and anticipatory food reward: striatum, amygdala, midbrain regions, OFC, dorsolateral prefrontal cortex, insula, anterior cingulate gyrus, parahippocampal gyrus, and fusiform gyrus.
Results
Test of Whether Obese Participants Showed Differences in Anticipatory Food Reward Relative to Lean Participants (Milkshake Cue vs. Tasteless Cue)
We conducted analyses that compared the brain responses in obese adolescent girls (n ϭ 7, mean BMI ϭ 33, SD ϭ 4.25) with lean adolescent girls (n ϭ 11, mean BMI ϭ 19.6, SD ϭ 1.08) using a group ANOVA model. We located 13 activation clusters within the insula; the Rolandic region; and the temporal, frontal, and parietal opercular regions; obese participants showed greater activation in these areas compared with lean participants (see Figure 2 A-B and Table 1 ). Of these 13 activation clusters, 9 fell in the left and 4 in the right hemisphere. Obese participants also showed greater activation in the left-anterior cingulate cortex (ventral Brodmann area ϭ 24) than lean participants. Table 1 reports coordinates, voxel size, uncorrected p values, and effect sizes ( 2 ). Several p values were significant at p Ͻ .05, whole brain corrected at the cluster level. The effect sizes from these analyses ranged from small ( 2 ϭ .01) to large ( 2 ϭ .17), with an average effect of .05, which represents a medium effect size per Cohen's (1988) criteria.
2
Test of Whether Participants' BMI Showed Linear Relations to Anticipatory Food Reward
We entered individual SPM contrasts maps into regression models, with BMI scores as a covariate to test whether BMI is linearly related to activation in response to anticipatory food reward. These analyses are theoretically more sensitive because they involved all participants rather than just obese and lean participants. We found a positive correlation of BMI with activations in the ventral lateral and dorsal lateral prefrontal cortex and temporal operculum in response to anticipatory food reward (see Figure 3A and Table 2 ). However, none of the effects were significant at p Ͻ .05, whole brain corrected at the cluster level. The effect sizes from these analyses were all large per Cohen's (1988) criteria (r ϭ .48 -.68), with a mean r of .56.
Test of Whether Obese Participants Showed Differences in Consummatory Food Reward Relative to Lean Participants (Receipt of Milkshake vs. Receipt of Tasteless)
Comparable to the results with regard to anticipatory food reward, we found that obese adolescent girls showed greater activation in the Rolandic operculum and left-frontal operculum in response to consummatory food reward compared with lean participants (see Figure 2C -D and Table 1 ). The activation cluster in 2 Whereas some software packages, like the Analysis of Functional NeuroImages, focus primarily on volume and thus use a larger cluster criterion, SPM focuses primarily on intensity and uses a smaller cluster criterion (but higher intensity requirements). Using an intensity requirement of t Ͻ 0.001 and a contiguous three-voxel minimum cluster criterion to threshold t maps is standard for SPM and is the approach we have used in prior studies. Within this context, it is important to note that all of the clusters we report are larger than three voxels (see Tables 1 and 2 ). the Rolandic operculum was significant at p Ͻ .05, whole brain corrected at the cluster level (see Table 1 ). The effect sizes from these analyses ranged from small ( 2 ϭ .03) to medium ( 2 ϭ .08), with an average effect of .06, which represents a medium effect size per Cohen's (1988) criteria.
Test of Whether Participants' BMI Showed Linear Relations to Consummatory Food Reward
We also entered individual SPM contrasts maps into regression models, with BMI scores as a covariate to test whether BMI is linearly related to activation in response to consummatory food reward. We found a positive relation between BMI and activation in the insula and several regions of the operculum (see Figure  3B -C and Table 2 ). BMI was also negatively correlated with activation in the caudate nucleus in response to consummatory food reward in this more sensitive model, indicating that high-BMI participants showed decreased response in this area compared with low-BMI participants (see Figure 3D -E and Table 2 ). None of the p values were significant at p Ͻ .05, whole brain corrected at the cluster level. The effect sizes from these analyses were medium (r ϭ .35) to large (r ϭ .58) per Cohen's (1988) criteria, with an average effect that was large (r ϭ .48).
Discussion
In the present study, we tested the hypothesis that obese adolescent girls would show differential activation in reward circuitry in response to food consumption and anticipated consumption relative to lean adolescent girls and that activation would be linearly related to the BMI of participants. Brain responses were examined during the receipt of chocolate milkshake versus tasteless solution (consummatory food reward) and in response to cues signaling impending delivery of chocolate milkshake versus tasteless solution (anticipatory food reward). On the basis of the findings of previous studies (e.g., Wang, Volkow, Felder, et al., 2002) , we expected abnormalities in consummatory and anticipatory food reward among obese participants relative to their lean counterparts.
As hypothesized, the responses to consummatory and anticipatory food reward in the predicted regions were different in the obese adolescent girls compared with their lean counterparts. Obese participants showed greater activation in the primary gustatory cortex (anterior insula/frontal operculum) and in the somatosensory cortex (the Rolandic operculum, temporal operculum, and parietal operculum) and anterior cingulate in response to our measure of anticipatory food reward compared with lean participants. These effect sizes were small to large in magnitude, with an average effect size that was medium. The insula has been shown to play a role in anticipatory food reward (Gottfried, O'Doherty, & Dolan, 2003; Small et al., 2005; Yamamoto, 2006) and food craving (Pelchat et al., 2004) . Furthermore, Balleine and Dickinson (2001) showed that animals with resection of the insula fail to learn that behavior responding to food is devalued, also suggesting a role of the insula in anticipatory food reward. The ventral anterior cingulate region has been found to be involved in the coding of energy content and palatability of foods (de Araujo & Rolls, 2004) . As a result, our findings may suggest that the obese individuals experienced increased anticipation of the palatability of the milkshake compared with lean individuals. It will be important for future studies to rule out the possibility that conditioning that occurs as a result of overeating high-fat and high-sugar foods does not contribute to the elevated anticipatory food reward shown by obese participants. Also as hypothesized, there was evidence that obese participants showed differential activation in response to consummatory food reward relative to lean participants. The former showed increased activation in the Rolandic operculum, frontal operculum, posterior insula, and cingulate gyrus in response to consummatory food reward compared with the latter. Effect sizes were small to medium in magnitude, with an average effect size that was medium. These results converge with those from previous studies; Del Parigi et al. (2004) found that percentage of body fat correlated with increased activation in the insula during the sensory experience of a meal, and Wang, Volkow, Felder, et al. (2002) found greater activation in the somatosensory cortex while resting as a function of BMI. Given that the insula and overlying operculum have been associated with subjective reward from food intake (Small et al., 2003; Yamamoto, 2006) , these findings may imply that obese individuals experience greater food reward relative to lean individuals, which might correspond to behavioral data from other studies, as outlined in the introduction.
We also tested whether BMI is linearly related to activation in response to anticipatory and consummatory food reward with regression models to provide a more sensitive test of the hypothesized relations. Comparable to the results found in the ANOVA models, we found increased activation in the temporal operculum to anticipatory food reward as a function of BMI. Furthermore, greater responses were found in the dorsolateral prefrontal cortex in response to anticipatory food reward as a function of BMI. Also comparable to the findings from the ANOVA models was the increased activation in the insula/frontoparietal operculum in response to consummatory food reward as a function of BMI. Overall, the results of the regression models generally converged with the findings from the ANOVA models, even though the latter analyses only involved obese and lean participants, providing further findings consistent with our hypotheses. The relations identified in the regression models were typically large effects.
Interestingly, the regression models suggested that BMI was inversely related to activation in the caudate nucleus in response to consummatory food reward, as hypothesized on the basis of earlier findings (Wang et al., 2001 ). This was a large effect size. Our functional finding corroborates and extends the results reported in the study conducted by Wang et al. (2001) , in which they found that morbidly obese participants showed decreased D2 receptor availability at rest in the putamen in proportion to their BMI. These findings may reflect lower dopamine receptor availability. It is possible that individuals overeat to stimulate a sluggish and longstanding dopamine-based reward system (Wang et al., 2001) . Alternatively, elevated intake of high-fat and high-sugar foods may result in receptor down-regulation, as has been observed among substance users (Davis et al., 2004) . As noted, animal studies suggest that repeated intake of sweet and fatty foods results in down-regulation of D2 receptors and decreased D2 sensitivity (Bello et al., 2002; Kelley et al., 2003) . Another possible interpretation is that obese individuals show hypofunctioning of food reward circuitry while resting but hyperfunctioning when exposed to food or food cues. This interpretation accords with the evidence that obese and postobese individuals show greater responsivity in the dorsal insula and posterior hippocampus after food intake relative to lean individuals (Del Parigi et al., 2004) ; that exposure to food cues results in greater activation in the right parietal and temporal cortices in obese but not lean individuals (Karhunen et al., 1997; Stoeckel et al., 2008) ; that obese individuals show greater activation in dorsal striatum, insula, claustrum, and somatosensory cortex in response to food cues than lean individuals (Rothemund et al., 2007) ; that obese rats have lower basal dopamine levels and reduced D2 receptor expression than lean rats (Fetissov et al., 2002; Hamdi et al., 1992; Orosco et al., 1996) ; and that obese rats show more phasic release of dopamine during feeding than do lean rats (Yang & Meguid, 1995) . However, this interpretation does not accord with the evidence that obese relative to lean individuals showed greater resting metabolic activity in the oral somatosensory cortex (Wang, Volkow, Felder, et al., 2002) and that activation of the OFC and cingulate in response to viewing pictures of palatable foods correlated negatively with BMI among normal weight women (Killgore & Yurgelun-Todd, 2005 ). It will be useful for future research to determine which interpre- tation explains the seemingly inconsistent findings, as it would significantly advance researchers' understanding of etiologic and maintenance processes that contribute to obesity. Collectively, the present findings suggest that different brain regions are activated by anticipatory versus consummatory food reward, which is an important contribution because only a few studies have attempted to identify the neural substrates of anticipatory and consummatory food reward. In the ANOVA models comparing obese with lean participants (see Table 1 ), the Rolandic operculum and frontal operculum were activated by both anticipation and consumption of milkshake, but the temporal operculum, parietal operculum, anterior insula, posterior insula, and ventral anterior cingulate were activated only in response to anticipated receipt of milkshake. In the regression models in which the relation of BMI to regions of activation were examined (see Table 2 ), there was no overlap in activated regions: Whereas the ventrolateral prefrontal cortex, dorsal lateral prefrontal cortex, and temporal operculum were activated in response to anticipated receipt of milkshake, the insula, frontoparietal operculum, parietal operculum, and caudate nucleus were activated in response to receipt of milkshake. These findings largely converge with those from previous studies in which brain regions specific to consummatory and anticipatory food reward have been investigated (O'Doherty et al., 2002; Pelchat et al., 2004; Small et al., 2003 Small et al., , 2008 Volkow et al., 2003) .
This study is novel in that it is one of the first in which relations between BMI and neural response to anticipatory and consummatory food reward have been tested using a paradigm involving delivery of food in the scanner. However, there were several limitations of the present study that should be noted. First, we had a moderate sample size to test between-group effects, although it was larger than most previously published fMRI studies of food reward published to date. Second, we used only one palatable flavor. Perhaps other tastes are more rewarding to participants and would have resulted in greater reward response in the brain. Third, because the receipt of the milkshake was always preceded by the cue (i.e., never delivered without the cue), participants always knew about the taste before it was delivered. Differential response to taste and flavors as a function of whether they are expected or unexpected have been found in past studies (e.g., Berns, McClure, Pagoni, & Montague, 2001 ). Therefore, investigators should consider including a measure of response to the receipt of unexpected food reward in future studies. Fourth, the cues used for the milkshake paradigm were geometric shapes, which might not hold enough reward meaning to participants and therefore may have produced blunted anticipatory sensations and brain activation. Fifth, we collected limited behavioral data to validate the fMRI paradigm with participants in our study. Nonetheless, validity data from ongoing studies using this paradigm suggest it is a valid measure of individual differences in food reward.
In conclusion, our results suggest differential neural response during anticipatory and consummatory food reward as a function of obesity status and BMI, although it will be important to replicate these relations in independent samples. Because there was greater response in many regions that have been shown to encode food reward in obese participants, the pattern of response is consistent with behavioral studies suggesting that obese individuals anticipate more reward from food intake and experience greater sensory pleasure when eating. However, we also found that participants with a higher BMI showed less activation in the striatum in response to food consumption relative to those with a lower BMI, which is consistent with the proposal that obese individuals may experience less phasic dopamine release when consuming food relative to lean individuals. It is biologically possible that individuals may anticipate more reward from food intake and experience greater somatosensory pleasure when eating yet experience less phasic release of dopamine when food is consumed, as each involves separate neural circuitry. However, it is also possible that some of these abnormalities predate obesity, whereas others are a consequence of overeating. For example, the former two effects may increase risk for hyperphagia that results in a positive energy balance, and the latter effect may be a product of receptor downregulation secondary to consumption of a high-fat and high-sugar diet. Alternatively, hypofunctioning of dopamine-mediated reward circuitry may cause individuals to overeat to compensate for this reward deficit, which through conditioning produces greater anticipatory food reward and heightened development of the somatosensotry cortex. It will be vital for researchers to investigate which of these abnormalities precedes obesity onset and which are a product of chronic overeating. It is our hope that a systematic study of the abnormalities that predate obesity onset may allow the design of more effective prevention and treatment interventions.
